Microcystins are a group of highly liver-specific toxins, although their exact mechanisms of action remain unclear. We examined the effects of microcystic cyanobacteria extract (MCE) collected from a contaminated water source on the organization of cellular microtubules (MTs) and microfilaments (MFs) in hepatocytes. We also investigated the effects on lactate dehydrogenase (LDH) leakage and intracellular glutathione (GSH). Primary cultured rat hepatocytes exposed to MCE (equivalent to 125 /mL lyophilized algae cells) showed a characteristic disruption of MTs and MFs in a time-dependent manner. Under these conditions, MCE caused aggtion of MTs and MFs and a severe loss of MTs in some cells. Moreover, MCE-induced cytoskeletal alterations preceded the LDH leakage. On the other hand, the treatment ofcells with MCE led to a dose-dependent increase of intracellular GSH. However, time-course study showed a biphasic change of intracellular GSH levels with a significant increase in the initial stage followed by a decrease after prolonged treatment. Furthermore, pretreatnent with N-acetylcystein (NAC), a GSH precursor, significanty hanced the intracellular GSH level and decreased the MCEinduced cytotoxicity as well as cytoskeleton changes. In contrast, buthionine-(G51-sulfoximine, a specific GSH synthesis inhibitor, increased the cell susceptibility to MCEinduced cytotoxicity by depleting the intracellular GSH level. These findings suggest that intracellular GSH plays an important role in MCEinduced cytotoxicity and cytoskeleton changes in primary cultured rat hepatocytes. Increasing intracellular GSH levels protect cdls from MCE-induced cytotoxicity and cytoskeleton changes.
The occurrence of heavy freshwater blooms of cyanobacteria (blue-green algae) has been well reported in many parts of the world (1) . Among the toxic blue-green algae, Microcystis is the most common genera producing microcystins, a group of toxins with strong hepatotoxicity (1, 2) . These toxins are able to cause the death of domestic and wild animals as well as human illness (3) . Recently, it has been reported that dialysis patients in Brazil died of acute hepatic failure due to cyanobacteria contamination of the water used for dialysis (4, 5) . Recent epidemiologic studies have suggested that the cyanobacteria-contaminated water could be related to the high incidence of primary liver cancer in certain areas of China (6, 7) . Our previous study also showed that microcystic cyanobacteria extract (MCE) of a water source in China had potent genotoxicity (8) .
Microcystins are highly liver specific and their hepatotoxicity has been well studied (9) (10) (11) . However, the exact mechanisms by which microcystins cause hepatotoxicity have not been fully elucidated. One of the extensively studied mechanisms is that microcystins are potent inhibitors of protein phosphatase 1 and 2A, which lead to the increase of protein phosphorylation (1) . The hyperphosphorylation of proteins have been attributed to the destruction of intermediate filaments (IFs) (12, 13) . Microcystin-disrupted microfilaments (MFs) have also been reported (14, 15) . In contrast, only one study showed that microtubules (MTs) were disrupted by microcystin-LR in primary cultured rat hepatocytes and several nonhepatocyte cell lines (16) . However, at present, there are no studies to show that MF and MT proteins have also been phosphorylated by microcystin. Therefore, it is possible that there is another mechanism, besides protein phosphorylation, which contributes to microcystindisrupted MFs and MTs.
The cytoskeleton consists of three major structural elements: MTs, MFs, and IFs. These elements play an important role in maintaining cellular architecture and internal organization, cell shape, motility, cell division, and many other processes (17) . There are many cysteine residues in the cytoskeleton proteins, and certain tubulin-SH groups are crucial for its polymerization in vitro (18) . Cellular-reduced glutathione (GSH) is important for the regulation of cytoskeleton organization (19) . Perturbing the cellular redox status by depleting intracellular GSH provoked disruption of MFs in human fibroblasts (20) . It has been reported that certain metal carcinogens such as cadmium and arsenite disrupted cytoskeletal structures, and those changes had a close relationship with the cellular GSH level alterations (21, 22) .
At present, there are several lines of evidence suggesting that GSH may play a critical role in the detoxification of microcystins. Microcystins could conjugate with GSH in cell-free systems or in the liver tissue in vivo (23) (24) (25) , which substantially reduced its cytotoxicity (23) . Moreover, our previous studies showed that MCE induced lipid peroxidation and reactive oxygen species (ROS) formation in primary cultured rat hepatocytes (26>27), suggesting the possible effect of MCE on cellular redox status. However, so far there is no systematic study on the role of GSH in the hepatotoxicity of microcystins and its association with the cytoskeleton.
Thus, in the present study, we aimed to determine the involvement of GSH on the MCE-induced cytotoxicity and disruption of MTs and MFs in primary cultured hepatocytes. In our study, the intracellular GSH level in rat hepatocytes was modulated by N-acetylcystein (NAC), a GSH precursor, and buthionine-(S,R)-sulfoximine (BSO), a specific GSH synthesis inhibitor. Data Treatments. For the dose-response study, we incubated cells with three doses of MCE for 6 hr: the low concentration (equivalent to 1.25 pg lyophilized algae cells/mL), the moderate concentration (equivalent to 12.5 pg lyophilized algae cells/mL), and the high concentration (equivalent to 125 pg lyophilized algae cells/mL). For the time-course study, we exposed hepatocytes to high concentration of MCE (125 pg lyophilized algae cells/mL) for designated periods of time.
To study the role of GSH in modulating MCE-induced cytotoxicity, we pretreated cells with NAC 10 mM or BSO 2.5 mM for 6 hr, then washed them with Hepes buffer once. The cells were further exposed to the high concentration of MCE (125 pg/mL) for another 6 hr. We examined the cytotoxicity and intracellular GSH levels.
Detection of cytoskeleton disruption. Primary hepatocytes on cover slides (12 x 12 mm) in 35-mm Petri dishes were preincubated for 2 Figure  2A . Figure 2A clearly shows that MCE increased the intracellular GSH level markedly after a 6-hr treatment with 12.5 and 125 pg MCE (p < 0.05). In contrast, time-course studies showed that cells exposed to the high concentration of MCE (125 pg lyophilized cells/mL) exhibited a biphasic response in their intracellular GSH. The intracellular GSH showed no significant change until 3 hr, when it started to increase sharply and reached the maximum level at 6 hr. After 12-hr treatment, the intracellular GSH level started to decrease but was still significantly higher than the control (p < 0.05). After 24-hr treatment, the intracellular GSH level reduced drastically ( Figure 2B ). Similar patterns of intracellular GSH level changes were also observed when GSH was measured using monochlorobine in flow cytometry (results not shown). VOLUME 108 1 NUMBER 7 July 2000 * Environmental Health Perspectives 606
Articles . MCE-induced cytoskeleton and GSH alterations in hepatocytes Alterations in cytoskeletal organization. Figure 3 shows the morphologies of cells stained for MTs and MFs and nuclei. The normal hepatocytes contain a highly organized network of MTs that are distributed evenly in a wavy and curving pattern ( Figure   3A ). In hepatocytes treated with 125 pg MCE, the filamentous pattern of MTs was disrupted and collapsed toward the interior of the cells after 1 hr treatment ( Figure 3C ). When treated with 125 pg MCE for 3 hr, we observed a noticeable reduction in the number of MTs in the cells, whereas densely aggregated MTs appeared to retract around the nucleus. Moreover, in some cells all MTs were lost and only the nuclei were stained ( Figure 3E, arrow) . This effect was more evident when cells were treated for 6 hr ( Figure  3G ). In contrast, when cells were pretreated with NAC for 6 hr, the lost and aggregated MTs caused by MCE were significantly protected ( Figure 31 ). Figure 3B shows the normal MF organization in untreated cells. MFs in the untreated cells show uniform distribution and good organization. Exposure of cells to MCE (125 pg/mL) for 1 hr produced severe MF disorganization, characterized by the concentration of actin fibers inside the plasma membrane of some cells and the aggregation or collapse into the interior of the cells ( Figure 3D ). These rosettelike aggregates of actin fibers in some cells emerged from the cytoplasm and protruded into the blebs when the cells were treated with MCE for 3 hr ( Figure 3F ). After 6 hr treatment with MCE, we observed an obvious reduction of MFs ( Figure 3H ). However, much better organized MFs reappeared when the cells were pretreated with NAC for 6 hr ( Figure  3J ). We found similar morphologic changes of MTs and MFs when the hepatocytes were treated with pure microcystin-LR at 0.1 pM (data not shown)
Effects of NAC and BSO on MCEinduced cytotoxicity. To assess the role of GSH in modulating MCE-induced cytotoxicity, we pretreated cultured rat hepatocytes with NAC (10 mM) or BSO (2.5 mM) for 6 hr and washed them once with Hepes buffer.
The cells were then further exposed to 125 pg MCE for another 6 hr. Figure 4A shows the effects of NAC and BSO on MCEinduced cytotoxicity, as measured by the percentage of LDH leakage. NAC or BSO alone did not significantly cause the LDH leakage in rat hepatocytes. However, when cells were pretreated with NAC for 6 hr, the cytotoxicity induced by MCE was significantly reduced (p < 0.05). In contrast, when cells were pretreated with BSO, the LDH leakage was enhanced significantly as compared to cells treated with MCE only (p < 0.05). The results indicate that intracellular GSH protects the cells against MCEinduced cytotoxic effects, and depleting intracellular GSH leads to increased susceptibility to cell damage.
We also investigated the effect of NAC and BSO pretreatment on MCE-induced intracellular GSH changes. Figure 4B shows that NAC enhanced the intracellular GSH level, whereas BSO decreased the intracellular GSH level. Furthermore, when cells were pretreated with NAC and MCE, there was a significant increase of intracellular GSH (p < 0.05). In contrast, we observed that the intracellular GSH level decreased significantly when cells were exposed to BSO and MCE (p < 0.05).
Discussion
In this study we have shown that hepatocytes exposed to MCE exhibit characteristic alterations in cytoskeletal morphology caused by the disappearance of regular filamentous structure soon after MCE treatment. We observed severe reorganization of MTs and aggregation of MFs after prolonged treatment. These results are in agreement with previous reports using pure microcystin-LR (14, 16) , and are in line with our earlier finding using MCE (26, 27) , where microsystin-LR was identified as the main component (8) . Microcystin-LR is a strong inhibitor of protein phosphatase 1 and 2A and eventually causes hyperphosphorylation of cytosolic and cytoskeletal proteins (14) . Phosphorylation is an important mechanism regulating the organization of cytoskeleton. The IFs proteins can be phosphorylated and the phosphorylation status is closely correlated with its disassembly (29) . Toivola et al. recently reported that microcystin-LR induced hyperphosphorylation of keratin 8 and 18, which eventually led to the disruption of IFs. In addition, phosphorylation of microtubule-associated proteins (MAPS) and actin-associated proteins may induce alterations of polymerization of MTs and distribution of MFs (30, 31) . However, it is still unclear at this stage whether the observed MT and MF changes induced by microcystin are a result of increased phosphorylation of MAPS with the subsequent destabilization of MTs and MFs. An earlier study showed that phosphorylation of tubulin and MAPS was not changed by calyculin A, another potent inhibitor of protein phosphatase 1 and 2A (12) , although the concentration used (50 nM) was relatively low. On the other hand, several studies suggested that oxidative stress could affect actin dynamics by markedly inhibiting the assembly of actin monomers and eventually disrupted its Incubation time (hr) Figure 2 . Dose response and time course of intracellular GSH alterations induced by MCE. (A) Dose response of GSH alterations: the cells were exposed to three different concentrations of MCE for 6 hr, and data are means ± SD (n = 6). (8) The time course of intracellular GSH alterations; data are means ± SD of three independent experiments (n = 3). structure (32, 33) . In our earlier study, we showed that MCE could induce ROS formation in rat hepatocytes with a relatively short exposure time (< 1 hr) (27 (34) . Tubulin cysteine-SH groups in the reduced form are essential for microtubules to maintain their polymerization state (35) . Recent studies showed that microcystins could conjugate with GSH and cysteine in both cell-free systems and in rat liver (23) (24) (25) . Therefore, it is possible that microcystin may disrupt the cytoskeletal structure by directly binding with the tubulin cysteine residues after it enters the cells. Environmental carcinogens such as cadmium and arsenite have a high affinity to GSH and also to affect the cytoskeletal organization by blocking certain tubulin-SH groups (22 (37) . In the present study, VOLUME 108 1 NUMBER Articles * MCE-induced cytoskeleton and GSH alterations in hepatoc tes exposure to MCE for 6 hr showed a dosedependent increase of intracellular GSH. However, the time-course study surprisingly revealed a biphasic response, i.e., a steady increase of GSH after 3 hr treatment and attainment of the highest concentration at approximately 6 hr, followed by a decrease after 12 hr. This biphasic cellular GSH response is not unique. Similar alterations have been reported when cells were exposed to cadmium and arsenite (21) . The depletion of intracellular GSH when cells were treated with MCE for 24 hr is probably due to the toxic effect of MCE as a result of cell membrane damage that leads to cell lysis and GSH efflux.
The disruption of hepatocyte cytoskeleton by MCE probably plays a crucial role in its hepatotoxicty. MTs and MFs change after 1 hr exposure to MCE, whereas significant LDH leakage only occurred after 3 hr treatment. The initial MCE-GSH binding may trigger the synthesis of GSH, probably by activating y-glutamylcysteine synthetase, the rate-limiting enzyme for GSH biosynthesis (37) . The finding that BSO, an inhibitor of y-glutamylcysteine synthetase, diminishes the MCE-induced increase of cellular GSH suggests that new GSH is being synthesized to overcome the low level of intracellular GSH. The increase of intracellular GSH is probably a cellular response to protect from the toxic effect induced by MCE. This hypothesis is further supported by the evidence that when cells were pretreated with NAC, MCEinduced cytotoxicity as well as cytoskeleton changes were significantly reduced.
In conclusion, we showed that MCE disrupted the cellular cytoskeleton and affected the homeostasis of cellular thiols in hepatocytes. These two changes could be the main cytotoxic effect of MCE. The increase of intracellular GSH soon after MCE treatment may protect the hepatotoxicity induced by MCE. However, whether MCE also induces phosphorylation of MAPS and consequently destabilizes MTs and/or is a secondary effect to IF changes remains to be determined.
